A unique facet of arthropod-borne virus (arbovirus) infection is that the pathogens are orally acquired by an insect vector during the taking of a blood meal, which directly links nutrient acquisition and pathogen challenge. We show that the nutrient responsive ERK pathway is both induced by and restricts disparate arboviruses in Drosophila intestines, providing insight into the molecular determinants of the antiviral "midgut barrier." Wild-type flies are refractory to oral infection by arboviruses, including Sindbis virus and vesicular stomatitis virus, but this innate restriction can be overcome chemically by oral administration of an ERK pathway inhibitor or genetically via the specific loss of ERK in Drosophila intestinal epithelial cells. In addition, we found that vertebrate insulin, which activates ERK in the mosquito gut during a blood meal, restricts viral infection in Drosophila cells and against viral invasion of the insect gut epithelium. We find that ERK's antiviral signaling activity is likely conserved in Aedes mosquitoes, because genetic or pharmacologic manipulation of the ERK pathway affects viral infection of mosquito cells. These studies demonstrate that ERK signaling has a broadly antiviral role in insects and suggest that insects take advantage of cross-species signals in the meal to trigger antiviral immunity.
A unique facet of arthropod-borne virus (arbovirus) infection is that the pathogens are orally acquired by an insect vector during the taking of a blood meal, which directly links nutrient acquisition and pathogen challenge. We show that the nutrient responsive ERK pathway is both induced by and restricts disparate arboviruses in Drosophila intestines, providing insight into the molecular determinants of the antiviral "midgut barrier." Wild-type flies are refractory to oral infection by arboviruses, including Sindbis virus and vesicular stomatitis virus, but this innate restriction can be overcome chemically by oral administration of an ERK pathway inhibitor or genetically via the specific loss of ERK in Drosophila intestinal epithelial cells. In addition, we found that vertebrate insulin, which activates ERK in the mosquito gut during a blood meal, restricts viral infection in Drosophila cells and against viral invasion of the insect gut epithelium. We find that ERK's antiviral signaling activity is likely conserved in Aedes mosquitoes, because genetic or pharmacologic manipulation of the ERK pathway affects viral infection of mosquito cells. These studies demonstrate that ERK signaling has a broadly antiviral role in insects and suggest that insects take advantage of cross-species signals in the meal to trigger antiviral immunity.
innate immunity | enterocytes M any (re)emerging viral pathogens are arthropod borne, transmitted via an insect vector, and cause significant global health and agricultural problems (1) . When the insect takes an infectious blood meal, the initial host encounters with pathogens occur locally, usually at an epithelial surface (1) (2) (3) . Although studies have successfully infected a range of vectors by directly injecting arboviruses into the thoracic cavity, oral challenge often does not result in productive infection (3) (4) (5) . This distinguishing characteristic has led to the description of a midgut barrier, whereby it is thought that the arbovirus is unable to establish a productive infection in the midgut cells due to restriction by local defenses. This midgut barrier has long been recognized as a major determinant of vector competence (3, 4, 6) , but can be overcome in some cases, by increasing the dose of the pathogen (4) . Below a particular threshold, few vectors ingesting the blood meal become infected; above this threshold, significant numbers become infected (4) . At the molecular level, transcriptional profiling of disparate insects challenged orally by viral pathogens suggest that there is an active immune response that includes the induction or down-regulation of many known insect immune pathways such as the JAK/ STAT, Toll, and JNK signaling (7) (8) (9) . However, less is known about whether the induction of these pathways have a direct role in viral restriction in the gut epithelium and whether there are additional pathways that play important roles in barrier immunity.
Indeed, there are few clear molecular determinants known to be active within the gut epithelial cells that specifically protect against viral invasion (6, 8, 10, 11) . This lack of knowledge is due in part to the difficult nature of performing molecular and genetic mechanistic studies in insect vectors, including hematophagous mosquitoes. Drosophila offers several advantages as a model insect for identifying and studying antiviral mechanisms that play important roles in insect vectors (12, 13) , because it shares a high degree of conservation with these organisms, exhibiting similar metamorphic life cycles and genetic pathways (12, 13) . These features have allowed researchers to take advantage of powerful Drosophila genetic tools to extend our understanding of insect antiviral immunity (14) . Indeed, many viral restriction pathways, including RNA interference (RNAi) and JAK/STAT signaling, were first identified in Drosophila and subsequently shown to be antiviral in mosquito vectors (15, 16) . Using this system, we identified the ERK pathway as providing a mechanistic link between nutrient acquisition and antiviral innate immunity in insects. Not only do we find that the nutrient responsive ERK pathway is both induced by and restricts disparate viral infections, including human arboviruses, in Drosophila cells, but also that ERK signaling is essential for antiviral defense in the insect intestinal epithelium. We found that this antiviral ERK signaling is conserved in Aedes mosquito cells. Furthermore, vertebrate insulin, which triggers ERK signaling in the mosquito gut during a blood meal, can both restrict viral infection in insect cells and protect against viral invasion of the gut epithelium. These studies collectively demonstrate that this nutrient-responsive pathway may have evolved a secondary role to protect against viral invasion of the insect gut.
Results
Using cell-based RNAi screening for novel antiviral factors in Drosophila cells, we previously discovered (17) that NELFdependent transcriptional pausing controls early responses to infection by disparate medically relevant arboviruses. This transcriptional response includes genes from all known Drosophila antiviral pathways, suggesting that additional genes within this gene set may confer antiviral activity. MAPK signaling components were both transcriptionally induced and overrepresented (SI Appendix, Fig. S1 ) (17) . There are three related and conserved MAPK signaling pathways (ERK, JNK, and p38) (18) , two of which Significance A unique facet of arthropod-borne virus infection is that the pathogens are orally acquired by insects during the taking of a blood meal. Hence, there is a direct link between nutrient acquisition and pathogen challenge. We found that the classic nutrient-responsive ERK pathway is a molecular determinant of this "midgut barrier"; ERK signaling is essential for antiviral defense in the insect intestinal epithelial cells. Surprisingly, we also found vertebrate insulin, which activates ERK signaling during a blood meal, both restricts viral infection in insect cells and protects against viral invasion of the gut epithelium. ERK signaling in the insect intestines restricts viral infection, suggesting that insects may take advantage of cross-species signals in the meal to preemptively activate antiviral immunity.
have clear positive roles in immunity spanning flies to humans (JNK and p38) (19) (20) (21) (22) . Because genome-wide RNAi screens against viruses in Drosophila have not been optimized to identify antiviral factors but rather required factors (23-25), we performed a directed RNAi screen of 11 core components of these pathways optimized to determine their cell-intrinsic activity against vesicular stomatitis virus (VSV), Sindbis virus (SINV), and Drosophila C virus (DCV) (SI Appendix, Fig. S1 and Table  S1 ) (26, 27) . VSV and SINV are arboviruses belonging to two disparate families (Rhabodoviridae and Alphaviridae, respectively) whose natural cycle involves transmission between insects and vertebrates. DCV is a natural Drosophila pathogen that does not infect vertebrates (28) .
We found that six canonical ERK signaling components [dSos, dRas (Ras85D), dMek (Dsor1), dErk (rl), ksr, and cnk] restrict VSV, SINV, and DCV infection of Drosophila cells, because their depletion causes a significant increase in the percentage of infected cells compared with controls ( Fig. 1 A-C and SI Appendix, Figs. S1 and S2 and Tables S1 and S2). We also observed increased viral protein and viral RNA levels in cells depleted of ERK pathway components, as measured by immunoblot and quantitative RT-PCR (qRT-PCR), respectively (SI Appendix, Figs. S3 and S4). In contrast, depletion of core components of the other two MAPK pathways (JNK, p38) did not alter the percentage of VSV, SINV, or DCV infected cells (Fig. 1B and C and SI Appendix, Table S1 ). We verified knock-down in dSos and dMek-depleted cells by qRT-PCR (SI Appendix, Fig. S5A ). And immunoblot analysis of dErk levels also demonstrate robust knockdown (SI Appendix, Fig. S5B ). Lastly, we used independent dsRNAs targeting dSos, dMek, dErk, and bsk and observed similar results where depletion of dSos, dMek, or dErk led to increased viral infection, but not bsk (SI Appendix, Fig. S5C ).
Using an orthogonal approach, we took advantage of the ERK pathway inhibitor U0126 that blocks MEK activation across diverse species (29, 30) , including Drosophila (31, 32) . Using an antibody that recognizes activated Drosophila Erk, we found that vertebrate insulin induces Erk activation within 15 min (SI Appendix, Fig. S6A ). Furthermore, Drosophila cells treated with U0126 were more permissive to infection because there were higher levels of infections of VSV, SINV, and DCV compared with controls ( Fig. 1D and SI Appendix, Fig. S6B ). This treatment had no impact on cell viability (SI Appendix, Fig. S6C ), and was dose dependent (SI Appendix, Fig. S7 ).
Next, we tested whether ERK signaling is activated by viral infection in Drosophila cells. We found VSV, SINV, and DCV activated Erk within 60 min as measured by increased phosphoErk levels (Fig. 1 E-G and SI Appendix, Figs. S8 and S9), a time point before viral replication (17) , whereas total Erk levels did not change. These findings suggest that viral infection is sensed by Drosophila cells leading to the rapid induction of an antiviral ERK signaling cascade.
Because insect vectors, including Aedes aegypti mosquitoes, can transmit arboviruses such as SINV (33), we set out to determine whether the antiviral activity of the ERK pathway is conserved in mosquito cells. We depleted A. aegypti Aag2 cells of Sos (AAEL001165) or Mek (AAEL012723) by RNAi and compared the percentage of infected cells to nontargeting controls using microscopy. We found that depletion of Sos or Mek led to increased viral infection by VSV or SINV in mosquito cells ( . We could not infect mosquito cells with DCV, which is consistent with the fact that DCV is a natural pathogen of Drosophila with a narrow host range (28) . As we observed in Drosophila, vertebrate insulin induces Erk activation within 15 min in Aag2 cells ( Fig. 2E and SI Appendix, Fig. S11 ) and treatment with the ERK pathway inhibitor U0126 also prevents both basal and insulin-induced phospho-Erk, similar to published findings in other mosquito species ( Fig. 2E and SI Appendix, Fig. S11 ) (30) . We found that cell number was not affected by U0126 treatment of Aag2 cells (SI Appendix, Fig. S12 ). Treatment of mosquito cells with U0126 led to increases in VSV and SINV infection compared with control cells (Fig. 2 F and G and SI Appendix, Fig. S13 ). Furthermore, we found that viral infection also rapidly activates the ERK pathway in mosquito cells as measured by phospho-Erk ( Fig. 2H and SI Appendix, Fig. S14 ). Altogether, our findings suggest that ERK signaling plays a conserved antiviral role in diverse insects.
Arboviruses are naturally transmitted to insect vectors during the ingestion of a nutrient-rich blood meal (1) . Because ERK signaling can be activated in the mosquito digestive tract by nutrients and insulin in the blood meal (30, 34) , we reasoned that the ERK pathway may couple signals in the meal with antiviral defense to protect insects from orally acquired viral infections, including arboviruses. To determine whether ERK activity in the gut impacts local viral susceptibility, we took advantage of U0126 to inhibit ERK signaling in the gut. We fed wild-type flies with either vehicle or U0126 and found that drug treatment attenuated intestinal phospho-Erk levels while having no impact on total Erk levels ( Fig. 3A and SI Appendix, Fig. S15 ). Moreover, we found that oral administration of adult flies with U0126 did not alter feeding as measured by the ingestion of dye or survival compared with vehicle-fed flies during the time course of our infection assays (SI Appendix, Fig. S16 ). Next, we fed flies with vehicle or U0216 along with the arboviruses VSV or SINV. At 7 d after infection, we found that vehicle-fed flies had undetectable levels of viral infection in their midguts as measured by microscopy that monitors viral antigen expression in infected intestinal cells (Fig. 3B ) or qRT-PCR that monitors viral RNA levels in whole intestines ( Fig. 3 C and D) . In contrast, flies fed with the ERK pathway inhibitor had increased viral infection of midgut cells as measured by microscopy without evident mortality (Fig. 3B) . Furthermore, we observed increased viral RNA in ERK pathway inhibited intestines as measured by qRT-PCR ( Fig. 3 C and D) . Although VSV and SINV do not naturally infect Drosophila, DCV is a natural pathogen of Drosophila melanogaster that can be orally transmitted (35) . In contrast to the infections with VSV and SINV, vehicle-fed flies orally challenged with DCV had detectable infection of the midgut by 7 d after infection, as measured by immunofluorescence (Fig. 3B) , and viral RNA by qRT-PCR but not at earlier time points (Fig. 3E) . Furthermore, we observed increased phospho-Erk in the gut at 2 h after DCV ingestion compared with controls ( Fig. 3F and SI Appendix, Fig.  S17 ). As we observed with VSV and SINV, ERK inhibition led to significantly increased DCV infection, as measured both by microscopy and qRT-PCR (Fig. 3 B and E) . Hence, ERK signaling is both activated by and restricts viral infection in the gut epithelium.
DCV infection of flies by injection in the body cavity leads to systemic viremia, and the visceral muscles surrounding the gut are robustly infected (36) . Thus, we were able to monitor infection of this tissue as a readout for viral spread outside of the gut epithelium. These visceral muscles are morphologically quite distinct and localized outside of, and surrounding, the monolayer of epithelia. Because they have a clearly distinct location and morphology, we used these criteria to quantify the number of guts that had staining in this compartment. We found that whereas 4% of the wild-type animals fed DCV had detectable infection in the intestinal visceral muscles at 7 d after infection, infection was increased to 24% upon cofeeding with the ERK inhibitor U0126 without evident mortality at this time point (SI Appendix, Fig. S18 ). Therefore, increased infection of the midgut epithelium also allows increased viral spread.
The Drosophila midgut is a simple epithelium, where multipotent stem cells give rise to enteroblasts that differentiate into either enterocytes that are characterized by large nuclei or secretory enteroendorcine cells (37) . Midgut enterocytes are responsible for nutrient uptake and are the initial cell type infected by arboviruses in vector mosquitoes (8, 38, 39) . We observed that the midgut enterocytes were infected by all three viruses in U0126-fed flies (SI Appendix, Fig. S19 ) and hypothesized that the Erk-dependent antiviral function is active within enterocytes. To test this hypothesis, we took advantage of the MyoIA-Gal4 driver that selectively expresses Gal4 in midgut enterocytes (40, 41) . We used this system to drive expression of an inverted repeat transgene to perform in vivo RNAi against Erk and found that total Erk levels in MyoIA > Erk IR guts were reduced compared with controls (Fig. 3G) . Flies with enterocyte-specific Erk depletion had no changes in feeding behavior or increased mortality compared with controls within the time course of our assays (SI Appendix, Fig. S20 ). Next, we fed MyoIA > Erk IR flies with VSV, SINV, or DCV and observed significantly increased infection in midgut enterocytes compared with controls, as measured both by microscopy and qRT-PCR (Fig. 3 H-K) . These studies demonstrate that ERK signaling specifically within enterocytes restricts orally acquired viral infections in the insect digestive tract.
Previous studies have shown that growth factors found within the blood meal, including vertebrate insulin, can activate the ERK pathway in the mosquito intestines (30) . Hence, we hypothesized that the ERK pathway may couple nutrient-associated vertebrate signals to trigger antiviral defense in gut enterocytes. Importantly, the dose dependence of insulin-mediated activation of phospho-ERK was similar in Drosophila and mosquito cells (SI Appendix, Fig. S21 ). Thus, we tested whether insulin-induced ERK activation in cell culture can protect against viral infection. Indeed, we found that insulin protects Drosophila cells from SINV and DCV infection ( Fig. 4A and SI Appendix, Fig. S22A ) while having no impact on cell number (SI Appendix, Fig. S22B ). Likewise, mosquito cells are insulin responsive and protected from SINV infection by insulin treatment (Fig. 4B and SI Appendix, Fig. S23A ) while having no impact on cell number (SI Appendix, Fig. S23B ). We next took a genetic approach to determine whether the antiviral activity of insulin was ERK dependent. We found that insulin-mediated protection was lost upon knockdown of ERK signaling components (SI Appendix, Fig. S24 ). These findings collectively suggest that insulin-dependent protection against viral infection is mediated through Erk signaling and is conserved across insect species. Next, we tested whether feeding insulin to flies can trigger antiviral ERK signaling in the gut. Perhaps surprisingly, we observed robust Erk activation within 30 min after insulin feeding as measured by phospho-Erk ( Fig. 4C and SI Appendix, Fig. S25 ), similar to previous reports in the vector mosquito Anopheles stephensi (34) . Furthermore, we found that oral administration of insulin did not alter feeding behavior or increase mortality compared with vehicle-fed flies within the time course of our assays (SI Appendix, Fig. S26 ). Next, we tested whether insulininduced ERK activation altered viral infection of midgut enterocytes. To this end, we fed flies with either vehicle or insulin along with DCV for 7 d. We found that insulin-fed flies had decreased infection of their intestines compared with controls, both by microscopy and qRT-PCR (Fig. 4 D and E) . Because the levels of insulin in a blood meal have been measured at 0.07-0.7 μM, we tested whether doses within this range would also impact infection. We found that doses as low as 0.7 μM suppressed infection (SI Appendix, Fig. S27 ). Furthermore, insulin-mediated antiviral activity in the fly gut depended on ERK signaling in enterocytes (SI Appendix, Fig. S28 ). We were unable to test insulin-dependent attenuation of VSV or SINV infection of the gut, because we could not detect infection by these viruses in untreated wild-type intestines (Fig. 3 B-D) . Lastly, because ERK is a negative regulator of antibacterial gene expression through the immune deficiency (IMD) pathway in Drosophila, although not in enterocytes per se (42), we set out to determine whether the IMD pathway plays a role in enterocytemediated ERK antiviral immunity. First, we tested whether the canonical antimicrobial peptide Diptericin B (DiptB) that is downstream of IMD signaling is induced by ERK depletion in enterocytes. We found that the there is no basal induction of DiptB upon Erk loss in enterocytes, consistent with a previous study (SI Appendix, Fig. S29A ) (41) . Furthermore, we found that viral infection of the gut did not induce IMD-dependent DiptB expression (SI Appendix, Fig. S29 B-D) . Therefore, it is unlikely that the IMD pathway plays a role in ERK-dependent antiviral immunity. Future studies should define the downstream mechanism by which ERK exerts its antiviral effects.
Discussion
The intestinal epithelium has been long recognized as a major determinant of vector competence for a variety of pathogens, not only arboviruses. This midgut barrier acts as a blockade to prevent pathogenic invasion and systemic dissemination of pathogens in insects (3, 43) . This barrier sets the threshold for infectivity. Although studies have found genetic associations with parasitic and bacterial infections, including Plasmodium species and bacterial gut pathogens, fewer molecular antiviral determinants have been identified that are responsible for enterocyte-mediated defense (3, 8, 11, 39, 44, 45) . Although enterocytes secrete antimicrobial peptides and reactive oxygen species upon pathogenic bacterial infection, intestinal stem cell self-renewal also confers protection upon epithelial damage from such infections (40, 46, 47) . However, the spectrum of intestinal epithelial cell-intrinsic antiviral responses are largely unexplored (3), albeit transcriptional profiling of disparate insect species orally challenged by viral pathogens indicate that a potentially wide array of host responses are actively induced.
Through RNAi screening in Drosophila and subsequent studies in vivo, we identified the ERK pathway as a cell-intrinsic regulator of intestinal immunity against a panel of viral pathogens. Through pharmacologic and genetic manipulation of ERK signaling, we find that ERK pathway components restrict VSV, SINV, and DCV infection in Drosophila cells and in the intestinal epithelia of adult flies. In addition, our studies suggest that ERK is one pathway active in the gut epithelium. This finding provides molecular insight into immune barrier function that prevents both the establishment of infection and systemic viral spread. Moreover, the broad antiviral activity of the ERK pathway is likely conserved in other insects, because Aag2 cells derived from Aedes mosquitoes become increasingly susceptible to VSV and SINV infections when ERK signaling is disrupted. Further studies directly in mosquitoes and other organisms can reveal the extent of this conservation both in cells and in the intestinal epithelium. Interestingly, all three viruses restricted by ERK signaling in our studies are RNA viruses. A study in Bombyx mori found that ERK signaling facilitates replication of the dsDNA virus baculovirus (48), suggesting differences in how viruses intersect with this pathway. Hence, determining the full spectrum of viruses restricted by ERK may elucidate the upstream viral recognition and signaling molecules that trigger antiviral ERK activation in insects.
We find that vertebrate insulin, which activates ERK signaling, confers protection against disparate RNA viruses in Drosophila cells and DCV in the fly intestinal tract. Both mosquitoes and Drosophila are similarly responsive to insulin-mediated ERK activation and antiviral protection in vitro. And lastly, insulinmediated protection in Drosophila is via the ERK pathway both in cell culture and in the enterocytes of the digestive tract. Because arboviral challenge of the insect gut, as well as other enteric viruses, occurs during feeding, the nutrient responsive ERK pathway may allow the organism to couple cross-species nutrient signals with immune defense in the epithelium. Given the energetic costs in mounting an immune response (49) and the potentially toxic production of immune effectors (50), the coupling of signals in the meal with antiviral defenses restricts the response to times when the organism is most vulnerable. Thus, the set point of ERK signaling in the gut may alter the permissivity to viral infection. In contrast, studies of Plasmodium falciparum in mosquitoes demonstrate that ingested human insulin increases the susceptibility of Anopheles stephensi by promoting replication of Plasmodium via the down-regulation of NF-κB signaling (51, 52) . Furthermore, ERK pathway activation by another mammalian blood product, TGF-β, in Anopheles mosquitoes has been found to down-regulate ROS production and also promote parasite growth (30) . Hence, the insulin-mediated activation of ERK signaling may have different effects depending on the pathogen type, because it promotes Plasmodium replication while inhibiting replication of disparate viruses. Further identification of both the upstream and downstream players involved in antiviral ERK activation will expand our understanding of these differences. Nevertheless, insects have developed a sophisticated strategy involving recognition of particular vertebrate specific molecules to facilitate antiviral defenses. Insulin is likely one of many factors that are directly sensed by insects, and further studies should elucidate the full spectrum of cross-species immune regulators.
Experimental Procedures
Cells, Viruses, and Reagents. Insect cells were grown and maintained as described (27) . VSV-GFP, SINV-GFP, and DCV were grown as described (17) . U0126 and Erk antibodies (Phospho-Erk and total Erk) were obtained from Cell Signaling. Anti-DCV capsid antibody was used as described (36) . Additional chemicals were from Sigma.
RNAi and Viral Infections in Cell Culture. dsRNA are described at http://flyrnai. org, and RNAi was performed as described (17) . The experimental methods and image analysis have been extensively described (26, 27, 53) . In brief, cells were passaged into serum-free media (SFM) and plated into wells containing dsRNA at 250 ng/16,500 cells in 384-well plates. After 1 h in SFM, complete media was added and cells were incubated at 25°C for 3 d to allow for gene knockdown. Three days after dsRNA bathing, cells were infected with the indicated viral inoculum. VSV, SINV, or DCV inocula were added to the existing media in 384-well plates in 10 μL of serum-free Schneider's media. VSV and DCV-infected cells were processed at 24 h after infection. SINV was spinoculated as follows: Existing media was removed, virus inoculum was added to wells in 10 μL of serum-free Schneider's media, cells were spun at 290 relative centrifugal force for 2 h, then 20 μL of 10% (vol/vol) serum Schneider's media was added to cells. SINV-infected cells were processed at 36 h after infection. Cells were fixed for 10 min in 4% (vol/vol) formaldehyde, washed in PBS/0.1% Triton X-100 (PBST) twice for 10 min each, and blocked in 2% (vol/vol) BSA/PBST for 30 min. Primary antibody was diluted in block and incubated with cells overnight at 4°C. Cells were washed three times in PBST and incubated in secondary antibody for 1 h at room temperature. Cells were counterstained with Hoescht 33342 (Sigma). Following secondary antibody staining and counterstaining, cells were washed an additional three times in PBST and imaged using an automated microscope at 20× (ImageXpress Micro). Images of three sites per wavelength for each well were collected and with a minimum of three wells per treatment. Automated image analysis was performed by using MetaXpress image analysis software (Cell Scoring) to identify nuclei (Hoescht+) and virus-infected (GFP+ or antibody+) cells and thresholding on uninfected wells on each plate. The percent infection was calculated for each site and averaged to obtain a single aggregate value for each well. A Student's t test was performed for significance per condition for each plate. Lastly, there were three independent biological replicates performed in this manner for each gene. The data are represented as the average fold change and SD from the three independent biological replicates, *P < 0.05 for three independent experiments. Cells were treated with 3.4 μM bovine insulin and 10 μM U0126 as described (31, 54) . For phospho-Erk studies in cells, infections were synchronized by prebinding virus at 16°C for 1 h, then brought to 25°C and processed at the indicated time points.
RNA and RT-PCR. Total RNA was extracted from cells or 15 fly guts using TRIzol (Invitrogen). qRT-PCR was performed as described (17) . The data are represented as relative RNA expression compared with the untreated samples and displayed as the mean ± SD for three independent experiments.
Immunoblotting. Cells or 15 guts were prepared by using RIPA buffer with protease inhibitors, and blotted as described (26) .
Fly Infections. Seven-to ten-day-old adult female flies were used. Wild-type (w1118) flies were used for drug studies. Myo1A-Gal4 was obtained from E. Baehrecke (University of Massachusetts Medical School, Worcester, MA) and UAS-Erk IR (109108) was obtained from the VDRC. Before the day of infection, flies were restricted to a water-only diet for 12 h and starved for 30 min before feeding to synchronize ingestion. The food contained 5% (vol/vol) sucrose plus dye in addition to the indicated treatment. Bovine insulin (83.5 μM) was used as described (34) , and mixing experiments demonstrated no change in infectivity of VSV when mixed with insulin (SI Appendix, Fig. S30 ). U0126 (500 μM) was used as described (31, 32) . Flies were fed 10 μL of the following concentrations of virus: VSV (1 × 10 8 pfu/mL), SINV (1 × 10 9 pfu/mL), and DCV (1 × 10 12 IU/mL), unless otherwise indicated. For the U0126 experiments, food and virus was changed every 3 d. For the insulin experiments, insulin was only provided for the first 3 d, subsequently food and virus was changed every 3 d. For immunoblots, 15 fly guts were dissected in PBS and processed in RIPA buffer, protease inhibitor mixture (PP2, PP3) and PMSF as described (17) . For RNA, 15 fly guts were dissected in PBS and then processed by using TRIzol as per the manufacturer's protocol and as described (53) . For microscopy, fly guts were dissected as described (55) . In brief, 5-10 guts per experiment for at least three independent experiments were dissected in PBS, fixed in 4% (vol/vol) formaldehyde solution for 30 min, rinsed three times in PBS, and blocked with 5% (vol/vol) normal donkey serum for 45 min at room temperature. Primary antibodies were incubated overnight at 4°C (DCV capsid 1:5,000), secondary antibodies with Hoescht 33342 were used at 1:1,000 and incubated for 1 h at room temperature. Samples were subsequently washed three times. Coverslips were mounted by using Vectashield and imaged by using 20× and 40× objectives with a Leica DMI 4000 B fluorescent microscope.
Statistics. For qRT-PCR studies, P values were obtained by comparing delta CT values for three independent experiments. For other experiments, the Student's two-tailed t test was used to measure the statistical significance in each experiment and then considered significant if P < 0.05 in three independent experiments.
